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The Standard Model (SM) prediction of the top quark forward backward asymmetry is shown to
be slightly enhanced by a correction factor of 1.05 due to electroweak Sudakov (EWS) logarithms
of the form (α/ sin2 θW )
n logm≤2n(s/M2W,Z). The EWS effect on the dijet and tt invariant mass
spectra is significant, reducing the SM prediction by ∼ 20, 10% respectively for the highest invariant
masses measured at the LHC, and changing the shape of the high-mass tail of the spectrum. These
corrections significantly affect measurements of the top quark invariant mass spectrum and the
search for an excess of events related to Att¯FB.
I. Introduction: In high-energy scattering processes
at the LHC, with partonic center-of-mass energies
√
sˆ
much larger than the electroweak scale, the W and Z
bosons act as massless particles in an unbroken gauge
theory. The wide separation of scales, s ≫ M2W,Z leads
to Sudakov double logarithms αWL
2, L = log s/M2Z,W ,
αW = α/ sin
2 θW , at each order in perturbation theory,
which can be substantial (e.g. ∼ 37% for WW produc-
tion at 2 TeV). While QCD Sudakov corrections cancel
for inclusive processes, the electroweak ones do not, be-
cause the incident beams are not electroweak singlets [1].
Recently [2] effective field theory (EFT) methods have
been used to systematically sum the electroweak Sudakov
(EWS) corrections using renormalization group methods.
The EFT result is naturally given in terms of log σ, and
has the schematic form
log σ = Lf0(αWL) + f1(αWL) + . . . (1)
in terms of the leading-log series f0, the next-to-leading-
log series f1, etc. The EFT computation neglects power
corrections of the form M2Z/sˆ, but includes the com-
plete dependence on electroweak scale mass-ratios such
asMW /MZ ,mt/MZ andMH/MZ . The results in Ref. [2]
include the complete NLL series including Higgs effects,
and the most important terms in the NNLL series. The
omitted NNLL corrections are Higgs effects in the three-
loop cusp anomalous dimension and a two-loop matching
correction which are not known. The EWS resummation
can not be performed simply by exponentiating a fixed
order result, because there are different color and flavor
structures which mix under renormalization group evo-
lution in the EFT. While the EFT is formally not valid
near threshold, numerically, the results are still quite ac-
curate because the EWS corrections are not log-enhanced
in this region (see Ref. [2]).
The EWS logs grow with energy, and are important for
large invariant mass measurements, such as the recent
CDF measurement of the top-quark forward-backward
asymmetry, Att¯FB(Mtt¯) [3], which has a ∼ 3σ deviation
from the SM prediction [4] at Mtt¯ > 450GeV. In this
paper, we study EWS effects on observables needed to
study Att¯FB(Mtt¯), as a function of the tt¯ invariant mass
Mtt¯. Since the EWS effects are a multiplicative correc-
tion, we present them as rescaling factors, by taking the
ratio of Att¯FB computed with and without the EWS effect.
This greatly reduces the sensitivity of our results to the
choice of parton distribution functions (PDF) or QCD
corrections.
We find that the SM EWS corrections enhance Att¯FB by
a factor 1.05.1 They also suppress the dσ/dMtt¯ spectrum
at large invariant mass, which is crucial in attempts to
understand if the Att¯FB anomaly is a sign of new physics
or not. We emphasize that neglected SM electroweak
Sudakov corrections can cancel a t-channel driven rise
in dσ/dMtt¯ of ∼10% at large Mtt¯ due to possible new
physics associated with the Att¯FB anomaly.
The overall effect of EWS effects on phenomenology
related to Att¯FB can be even more significant when they
also impact attempts to measure the top quark invariant
mass spectrum indirectly. For example, in highly boosted
top studies [5] a precise understanding of the normaliza-
tion and shape of the SM dijet invariant mass spectrum
is essential, and we will show there is also a suppression
of ∼10 − 20% due to EWS logs for large invariant mass
dijet events. These SM effects are unaccounted for in
current Monte Carlo tools.2
II. tt¯, bb¯, cc¯ Phenomenology: In [6] the LO SM
asymmetry Att¯FB was computed from the O(α3s) cross-
section, and a subset of the fixed order O(αα2s) terms
were also determined. These calculations are based on
earlier results [7] on the e+e− → µ+µ−γ asymmetry, and
qq → QQg [8]. A recent SM calculation [9] extended the
calculation of O(αα2s) terms and included O(α2) correc-
tions from photon radiation. The effect of next-to-leading
1 The correction can be applied to partonic calculations (even
those including non SM interactions) when calculating if the pro-
cess has the same SU(2) × U(1) gauge flow as the SM. Note,
however, that our final results are given averaging over quark
spins, and SM corrections are different for left and right-handed
quarks. We restrict ourself to 0.1pi ≤ θCM ≤ 0.9pi to avoid soft
scattering. This cut is less restrictive than experimental cuts.
2 Herwig and Sherpa include pure QED soft and collinear photon
re-summations [19], but not these EWS corrections.
2as well as next-to-next-to leading logarithmic QCD cor-
rections have been studied in [10]. An interesting discrep-
ancy remains between the SM prediction of Att¯FB at large
invariant mass (Mtt¯ > 450GeV), and the CDF measure-
ment [3].
The EFT method we use can be illustrated using the
process qq¯ → tt¯ for left-handed quarks. At the high scale
µ = Q =
√
sˆ, the scattering is given by an effective La-
grangian
L = C11 qt
aTAq QtaTAQ+ C12 qt
aq QtaQ
+C21 qT
Aq QTAQ+ C22 qq QQ (2)
where q = (u, d)L or (c, s)L are light quark doublets,
and Q = (t, b)L is the heavy quark doublet. T
A are
color matrices, ta are SU(2) matrices and Cij(µ) are
hard-matching coefficients. At tree-level, c(Q) is given
by single gauge boson exchange. Gluon exchange gives
C21 = 4piαs/Q
2, W exchange gives C12 = 4piαW /Q
2,
and B exchange gives C22 = 4piα/ cos
2 θW (1/6)
2. At
one-loop, Cij(µ) are given by computing the finite part
of one-loop graphs such as box-graphs with all low scales
such as MZ set to zero. The hard-matching Cij(µ) is
computed at the scale µ = Q, and does not contain any
large logarithms. The Lagrangian is evolved in the EFT
to a low-scale of orderMZ , and then the scattering cross-
section is taken by squaring the EFT amplitude and in-
tegrating with PDFs. The EWS terms arise from the
renormalization group evolution of the coefficients Cij
from µ = Q down to µ ∼ MZ . This method has been
checked against fixed order computations up to two-loop
order, and details can be found in Ref. [2].
Here we report on the numerical computation of EWS
corrections to dijet and tt production. These corrections
are defined as
RFB(t) = σ
QCD+EWS
FB (tt¯)
σQCDFB (tt¯)
, Rt =
σQCD+EW
tt¯
σQCD
tt¯
. (3)
σFB and σtt¯ are the forward-backward asymmetry and
the total cross-section. The superscript QCD + EW
means that the EFT calculation is done using the full
standard model, and QCD means that QCD alone has
been used. The cross-sections include virtual electroweak
effects, but not real radiation of additional EW bosons.
In dijet production, for example, such events would be
part of the W,Z+jets signal. With this definition, mul-
tiplying by R converts a QCD computation into one in-
cluding EWS corrections as well. The QCD computation
can be done using an EFT, or by any other method. The
ratios are insensitive to the choice of PDF.
We incorporate EWS corrections by modifying the an-
alytic results of [6] using the results of Ref. [2]. The
asymmetry is defined as the ratio A = (F −B)/(F +B),
where F and B are the cross-section in the forward and
backward hemisphere. In QCD, F and B are order α2s,
Bin [GeV] Att¯FB(%) RFB(t) Rα
2
s
FB
(t) Rt
[2mtt¯, 1960] 7.7 7.5 1.6 1.02 1.03 0.98
[2mtt¯, 450] 5.6 5.4 − 1.02 1.03 0.98
[450, 900] 11 12 2.3 1.02 1.04 0.97
TABLE I: The EWS corrections for the Tevatron. The second
column gives Att¯FB for our SM QCD calculation applying the
EWS correction, the third column applies the EWS correction
to the quoted central value of the QCD NLO +NNLL calcu-
lation of Ahrens et al. [10]. The fourth column quotes the
contribution due to the fixed order EW terms of [9]. There
is overlap between our EWS calculation and the results of
Ref. [9]. We estimate this double counting is ∼ 0.5% in Att¯FB.
With this caveat, columns three and four can be added.
Bin[GeV] Abb¯FB (%) RFB(b) Rb Acc¯FB (%) RFB(c) Rc
[50, 1960] 0.4 0.4 1.06 0.99 0.3 0.3 0.99 0.99
[50, 350] 0.4 0.4 1.06 0.99 0.3 0.3 0.98 0.99
[350, 650] 8.1 7.8 1.00 1.00 6.7 6.6 1.04 1.00
[650, 950] 20 17 0.97 0.98 18 16 1.06 0.99
TABLE II: The EWS corrections and the uncorrected asym-
metry Abb¯FB, A
cc¯
FB at the Tevatron. The left and right columns
are with renormalization and factorization scale µ = MZ and
µ =
√
sˆ, respectively. The EWS correction is very weakly
dependent on the scale choice. In this table Aqq¯
FB
is the un-
corrected asymmetry (unlike Table I). The EWS corrected
asymmetry is Aqq¯
FB
RFB(q)/Rq for q = b, c.
whereas F − B is order α3s because the order α2s cross-
section is FB symmetric. The EWS corrections are not
FB symmetric. There are three contributions that we in-
clude that have been previously neglected: (a) the change
in the normalization of the LO cross section of order
α2s α
n
WL
m≤2n given by Rt which multiplies the denom-
inator in A. (b) a new term in the numerator of A of
order α2s α
n
WL
m≤2n from multiplying the FB symmetric
QCD cross-section by the EWS corrections (Rα
2
s
FB(t) in
Table I). (c) the effect of EWS corrections on the leading
QCD FB asymmetry of order α3s α
n
WL
m≤2n. The sum of
(b) and (c) is RFB(t) in Eq. (3), and is the total rescaling
of the numerator of A.3
We use NLO MSTW PDFs [11] with the LO QCD
results and µ = mt = 173.1GeV for the factorization
and renormalization scales. αs is set by the MSTW fit
value: αs(MZ) = 0.12018. Numerical values are given
in Table I. We find Att¯FB = 7.4% and A
tt¯
FB(mtt¯ < 450) =
5.3%, Att¯FB(mtt¯ > 450) = 10.7% for the purely QCD
asymmetry, in good agreement with other determina-
tions [4, 6, 9, 10]. We find that (a) and (c) essentially
3 There is also an induced contribution of order α3s α
n
W
Lm≤2n from
the α3s FB symmetric cross-section, which is smaller than (b),
and has been neglected. We have also neglected the flavor exci-
tation process qg → qtt as it is highly suppressed [6].
3Bin [GeV] Rt Rb Rc
[50, 3000] − − 0.99 0.99 0.99 0.99
[350, 3000] 0.97 0.97 − − − −
[50, 250] − − 0.99 0.99 0.99 0.99
[250, 500] − − 1.00 1.00 1.00 1.00
[350, 500] 0.98 0.98 − − − −
[500, 750] 0.97 0.97 0.99 0.99 0.99 0.99
[750, 1000] 0.95 0.95 0.98 0.98 0.98 0.98
[1000, 1500] 0.94 0.94 0.97 0.97 0.96 0.96
[1500, 2000] 0.92 0.92 0.95 0.95 0.95 0.95
[2000, 2500] 0.90 0.91 0.93 0.94 0.93 0.93
[2500, 3000] 0.88 0.89 0.92 0.93 0.92 0.92
[3000, 3500] 0.87 0.88 0.90 0.91 0.91 0.91
TABLE III: The EWS corrections for heavy quark production
at the LHC. The left (right) columns are for
√
s = 7 (14)TeV.
cancel.4 The overall rescaling of A is RFB(t)/Rt. In
all the mass bins that we have considered, the net EWS
effect is an enhancement of Att¯FB by a factor of 1.05.
There is some interest in measuring Abb¯FB, A
cc¯
FB to in-
vestigate the possible origin of the Att¯FB anomaly [13–15].
The EWS corrections for these observables are given in
Table II. We have normalized the AFB calculations by the
LO QCD cross section, as no complete NLO correction
of the asymmetric cross section is known. This approach
leads to the estimate of Att¯FB being larger (by about 1.3)
than the results when normalized by the NLO cross sec-
tion, such as with MCFM [4]. Normalizing by inclusive
NLO cross sections σff¯X (f = b, c) will lead to an even
larger reduction for Aff¯FB, due to the t-channel singular-
ity enhancing production via gg → gg → f f¯X . For this,
and other reasons [13–15], the reported asymmetries are
extremely challenging to probe experimentally.
EWS corrections only make a small change to the to-
tal cross section, since σ is dominated by low invari-
ant mass events because of the PDFs, where the EWS
correction is small. However, the tails of the invariant
mass distributions have significant EWS corrections that
grow in importance with invariant mass. For the tt mass
bins reported by CDF [16], the correction factors Rt
are {0.99, 0.98, 0.98, 0.97, 0.97, 0.96, 0.96, 0.95}. The Rb,c
corrections are less than 2% in this region. At the LHC,
there are larger effects due to EWS corrections. Some
values of Rt,b,c, are given in Table III.
Preliminary measurements of the reconstructed
dσ/dMtt¯ spectrum have been reported by ATLAS [17]
and CMS [5], and no large deviation from the SM has
been found. At the large invariant masses studied in [5],
both the tt¯ production rate and the subtracted dijet back-
4 Cancelations of some EWS corrections in AFB, were also noted
in [12], which studied an SU(2) theory.
FIG. 1: EWS correction (left axis) to the Tevatron dijet spec-
trum as a function of dijet invariant mass (solid black). Also
shown are the corrections to dijet processes involving exter-
nal gluons (red dashed), and no external gluons (blue dotted).
The black triangles are the ratio of cross sections (right axis)
with and without external gluons.
ground rate receive large EWS corrections.5 Both correc-
tions act to increase the possibility for a non resonant ex-
cess of largeMtt¯ events in this study, since they suppress
the SM rate, and should be taken into account before any
precise conclusions can be drawn. A data driven normal-
ization of the Monte Carlo estimation of the dσ/dMtt¯
spectrum, that is subsequently extrapolated to large sˆ to
search for deviations in the tail from the SM expectation,
is also susceptible to large EWS corrections.
As a specific example of the importance of these cor-
rections, note that some plausible flavor symmetric mod-
els of new physics that could marginally explain the
Att¯FB anomaly can cause a rise in the tail of dσ/dMtt¯
by ∼ 10% [18]. Such an effect could be completely can-
celed by SM EWS corrections currently unaccounted for
in MC simulation tools.
III. Dijets: EWS corrections are also important for
dijet studies at the Tevatron and LHC.6 We evaluate
EWS corrections for all partonic LO 2 → 2 QCD dijet
processes with a rapidity cut, |y| < 1, implemented as
described in [24] for the Tevatron dijet corrections. The
quark flavours (u, c, s, d, b) and gluon initial and final par-
tonic states are summed over. We average over the bin
mass range, which is taken to be 10% of the central value
of the bin as in [25]. The renomalization scale is µ =MZ .
Varying the scale in the range µ = (MZ/2, 2MZ), or the
5 We thank Gilad Perez for discussion on this point.
6 Our results are consistent with previous results using infrared
evolution equations [20] or a SU(2) theory to sum Sudakov log-
arithms. Jets studies based on these techniques include [12, 21,
22]. Fixed order EW corrections to dijet rates also give large
corrections [23]. Our results are for the full SU(2)×U(1) theory
including γ − Z mixing and Higgs effects.
4FIG. 2: Same as Fig. 1 for the LHC at
√
s = 7TeV (lower
curves) and 14 TeV (upper curves).
choice of MSTW PDF eigenvalues used, changes the re-
sults by less than 1%. The EWS correction factor for the
Tevatron is shown in Fig. 1.
The total dijet rate involves partonic processes with
and without external gluons, which cannot be separated
experimentally. The EWS corrections are very small for
gluonic processes, since the gluon is an EW singlet. This
dilutes the overall importance of EWS effects for inclu-
sive dijet production for low invariant mass events. To
illustrate this, we have also shown in Fig. 1 the EWS
corrections to dijet processes involving and not involving
external gluons, as well as the ratio of these contributions
to the total dijet rate.
The LHC results are shown in Fig. 2. We have im-
posed typical central jet rapidity cuts (|y| < 2.8) and
cuts on the separation of the rapidity of the two leading
jets (|∆y| < 1.2) consistent with the ATLAS study [26].
The results are insensitive to the particular rapidity
cuts made. For example, varying the rapidity cut from
2.8→ 2 leads to a variation in the total EWS correction
of less than 1%. We have also determined the EWS cor-
rection to the angular distribution measure Fχ[Mjj ] as
defined in [27]. EWS corrections suppress this ratio by
∼ 2(5)% for 2(4)TeV dijet masses, the correction factor
to apply to the SM calculation of Fχ[Mjj ] is well approx-
imated by 1 − 0.128M0.258jj + 0.143M0.239jj for the mass
range 0.5− 5TeV. This correction slightly relaxes angu-
lar distribution constraints on new physics.
We find large corrections that must be included for
precise studies of multi-TeV dijet events at both
√
s = 7
and 14 TeV. The importance of EWS corrections in dijet
studies changes with the LHC operating energy, since the
relative importance of gluonic and non-gluonic processes
is largely driven by the PDF’s. Gluonic dijet events be-
come more important as the operating energy increases.
A recent ATLAS study [28] has reported dijet events out
to Mjj ∼ 5TeV with the 2011 data set, where the effects
of EWS corrections on the QCD partonic 2 → 2 dijet
processes are significant, ∼−20%. These corrections can
act to cancel a t-channel driven rise in the dijet invariant
mass spectrum in models attempting to explain the Att¯FB
excess that involve new light quark interactions.
IV. Conclusions: We have determined the EWS
corrections for a number of observables of current inter-
est. EWS corrections enhanceAtt¯FB by a factor of 1.05 and
slightly reduce the tension between the SM prediction
and the measurement of Att¯FB(Mtt¯ > 450GeV) reported
in [3]. They give a significant correction to the multi-
TeV dijet spectrum at the LHC and are important for
determining the tail of the dijet spectrum. Many mod-
els constructed to explain Att¯FB introduce new interac-
tions that increase the tail of this spectrum. This can be
compensated for by the EWS corrections which are not
included in MC simulation tools. Similarly, constraints
based on the extracted tail of the dσ/dMtt¯ spectra are
important when considering the Att¯FB anomaly; the SM
prediction of the tail of this spectra also receives large
EWS corrections.
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